Caddisflies (Insecta: Trichoptera) are a highly adapted freshwater group of insects split from a common ancestor with Lepidoptera. They are the most diverse (with > 16,000 species) of the strictly aquatic insect orders and widely employed as bio-indicators in water quality assessment and monitoring. Among the numerous adaptations to the aquatic habitats, caddisfly larvae use their silk and materials from the environment (stones, sticks, leaf matter and etc.) to build architectures such as fixed retreats and cases. Understanding how caddisflies have adapted to the aquatic habitats will help explain the evolution of the group.
Findings
We sequenced a retreat-maker caddisfly Stenopsyche tienmushanensis Hwang and reported a high-quality genome assembly from both Illumina and PacBio sequencing. In total, 89.0 Gb of PacBio data, and 90.2 Gb of Illumina data were generated. The assembled genome is 453.1 Mb with a contig N50 of 1.29 Mb and a longest contig of 4.76 Mb, covering 97.65% of the 1,658 insect single-copy genes via BUSCO assessment. The genome is comprised of 36.73% repetitive elements and 14,687 protein-coding genes were predicted. The new genome sequences revealed gene expansions in specific groups of the cytochrome P450 family and olfactory binding proteins, suggesting potential genomic features associated with pollutant tolerance and mate finding. In addition, the fully resolved assembly of the highly repetitive H-fibroin gene was achieved, which is the major protein component of caddisfly larval silk.
Conclusions
We reported the draft genome of Stenopsyche tienmushanensis, the highest quality caddisfly genome so far. The genome information will be an important resource for the study of caddisflies, and may shed light on the evolution of aquatic insects.
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Click here to access/download;Manuscript;Main_text_20180702.docx Click here to view linked References   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 environment (stones, sticks, leaf matter and etc.) to build architectures such as fixed 26 retreats and cases. Understanding how caddisflies have adapted to the aquatic habitats 27 will help explain the evolution of the group. traits. Understanding these adaptations will help explain how insects, in general, have 55 evolved as one of the most successful and abundant class of animals on the planet, and 56 how caddisflies, in particular, have adapted to a wide range of freshwater and marine 57 habitats. Identifying the genomic underpinnings of the adaptive mechanisms of 58 caddisflies will improve our knowledge of these thriving aquatic insects that, as major 59 contributors to freshwater biodiversity, have been widely employed as bio-indicators in 60
water quality assessment and monitoring [3] . 61
In addition, caddisflies are of technological interest because, like their terrestrial 62 moth and butterfly relatives, their larvae spin silk. Unlike terrestrial silks, caddisfly 63 larval silk is adapted to be spun from liquid silk dope into tough viscoelastic fibers 64 while fully submerged in water. Caddisfly larvae (caddisworms) use their silk as an 65 adhesive tape to construct a wide variety of composite structures using stones, sticks, 66 leaf matter, and other sediment gathered from the benthos of freshwater rivers, lakes, 67 streams, and marine tidal pools [4] . The larval architectures are sub-order dependent, 68 and include transportable tube cases that provide camouflage and physical protection 69 (suborder Integripalpia), stationary fixed retreats with silk nets for capturing food 70 (suborder Annulipalpia), and rigid silk cases for pupation (suborder "Spicipalpia") [5] . 71
The distinct and varied deployments of their underwater silk are responsible, in large 72 part, for the penetration of caddisworms into diverse aquatic habitats. 73
The major protein component of caddisworm silk is H-fibroin, a high molecular 74 weight protein with a blocky, highly repetitive primary sequence. Caddisworm H-75   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 fibroins are extensively phosphorylated on repeating serine-rich motifs with the 76 sequence (pSX)n, where pS is phosphoserine, X is a hydrophobic amino acid, and n=2-77 6 [6, 7] . The (pSX)n motifs form divalent metal ion-stabilized -domains that are 78 responsible for the strength, toughness, and energy-dissipating self-recovery of 79 caddisworm silk [8-10]. Currently, only incomplete H-fibroins sequences are available 80 through a GenBank search because it has not been possible to obtain the full-length 81 sequence from cDNAs [11, 12] (Fig. S1) . 114 A 1~1.1% heterozygosity rate was estimated using the Arabidopsis thaliana genome 115 (Fig. S2) . 116
The remaining DNA from Stie1 and Stie2 were combined for PacBio sequencing 117 on Sequel SMRT cells 1M v2 (PacBio p/n101-008-000), with one movie of 600 minutes 118 at the Genome Center of Nextomics (Wuhan, China). 78.72 Gb of subreads were 119 produced with a mean subread length of 7.6 Kb (Table S1) . 120 RNA extracted from Stie3 was used for transcriptome sequencing on Illumina 121
Hiseq X ten (insert-size of 180 bp, 150PE) and PacBio Sequel system (library size 0.5-122 6k), which produced 9.72 Gb and 10.31 Gb data, respectively (Table S1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 genome assembly of the S. tienmushanensis contains 453.1 Mb with a contig N50 of 151 1.29 Mb, with a longest contig of 4.76 Mb (Statistics of the genome assembly in Table  152 S2). The comparisons among three available Trichoptera genome assemblies (the other 153 two genome assemblies from Limnephilus lunatus provided by i5K [25] and 154
Glyphotaelius pellucidus [26] ) were shown in Table 1 . 155
Genome quality and completeness 156
Of the full-length transcripts generated from PacBio, 94.55% were successfully mapped 157 against the final genome assembly using GMAP (-n 1) [27] . The completeness of the 158 assembly was assessed using Benchmarking Universal Single-Copy Orthologs 159 (BUSCO v3.0, RRID:SCR_015008) [28] and the insecta_odb9 gene set [29] . 97.65% 160 of 1,658 single-copy genes were completely recovered in the full genome assembly, 161 representing a significant improvement over existing caddisfly genomes (Table 1) . The 162 high completeness of the assembly is likely due to deep long read sequencing, which 163 enables the assembly of long and complex regions of the genome. 164
Repeat analysis and ncRNA annotation 165
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Gene prediction 193
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Gene orthology analysis and phylogenetic tree 231
We used predicted coding genes from S. tienmushanensis, 10 sequenced insect genomes 232 (Acyrthosiphon pisum, Apis mellifera, Bombyx mori, Clunio marinus, Danaus 233
plexippus, Drosophila melanogaster, Heliconius melpomene, Tribolium castaneum, 234
Pediculus humanus and Plutella xylostella) and a crustacean (Daphnia pulex) to infer 235 gene orthology and construct the phylogenetic tree (download address for each genome 236 was shown in Table S8 ). Gene orthology was identified using OrthoMCL (version 237 v2.0.9, RRID: SCR_007839) [51] with default parameters. Firstly, we filtered the 238 transcripts from alternative splicing and only the longest transcript was retained for 239 each gene. All proteins from the 12 species were aligned against each other using 240 BLASTP (E-value ≤ 1e-5). Then the Markov Clustering Algorithm (MCL) was used 241 to perform a graph clustering of protein orthologs from above. Totally, 18,834 gene 242 family clusters were identified, with 1,263 single-copy orthologous genes (Fig. 3) . 243
We used these 1,263 orthologous single-copy genes from the 12 species to 244 construct the phylogenetic tree. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 among different lineages were estimated with the MCMCTREE package from PAML 251 (version 4.6, RRID: SCR_014932) [56], using parameters "clock = 2, RootAge ≤ 5.30, 252 model = 7, BDparas = 110, kappa_gamma = 62, alpha_gamma = 11, rgene_gamma = 253 13.7, sigma2_gamma = 11.03". The phylogenetic tree (Fig. 3) (Fig. 3) . 259
Among all expanded/contracted groups, 66 gene families showed significant changs in 260 sizes in S. tienmushanensis (P < 0.05), in which 63 gene families were significantly 261 expanded. These include cytochrome P450, HSP20, insect cuticle protein, and Histone-262 lysine N-methyltransferase SETMAR, which is related to DNA double-strand break 263 repair [58, 59]. The expanded cytochrome P450 in the caddisfly is most closely related 264 to the CYP9 family from D. melanogaster (Fig. 4) , which are functional in the 265 metabolism of insect hormones and in the breakdown of insecticides [60, 61] . We 266 speculate that this expansion may play a role in the adaptation of S. tienmushanensis to 267 a wide range of freshwaters with varied pollutants. 268
For the species-specific paralogs of S. tienmushanensis in the OrthoMCL analysis, 269 GO enrichment (Fig. S4) showed species-specific expansion of the odorant binding 270 proteins (OBPs). OBPs of D. melanogaster, T. castaneum and B. mori were used as 271 references based on genomic annotations (genome data sources shown in Table S8 ). 272
The PBP_GOBP (PF01395) family was used to search for OBPs in the mayfly 273
Ephemera danica genome obtained from the i5K project [25] , which is also an aquatic 274 insect, using HMMER (v3.1b2, RRID: SCR_005305) [62] . Of the two expanded OBP 275   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 gene groups in S. tienmushanensis, one is closely related to OBP83a and OBP83b from 276 D. melanogaster (Fig. 5) showing high similarity to a previously reported H-fibroin gene fragment from 299
Stenopsyche marmorata, a retreat-making caddisfly from the same genus [7] (GenBank  300   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 accession number BAM84281, 479aa in length, Fig. 6 ). The conserved units code 301 typical short repeats of the H-fibroin sequence, including GGX, SXSXSX and GPGX, 302 with varied sequences and lengths (Fig. 6 ). In addition, the identified region contained 303 the conserved non-repetitive N-and C-termini of the S. marmorata H-fibroin [12] (Fig.  304   6) , further confirming the gene assembly. The resolution of a complete H-fibroin gene 305 in our study provides a significant expansion over existing genetic resources on 306 caddisfly silk genes, which will be important for studying H-fibroin and silk adaptation 307 to aquatic environments. For future studies, transcriptome and gene expression analysis 308 from larval silk glands would help to elucidate the precise structure of the H-fibroin 309 gene. 310
Concluding remarks 311
The genome presented here is the first high quality draft genome of a retreat-building 312 caddisfly. With a known diversity of over 16,000 species, this is a welcome addition to 313 the genomic resources available to the caddisfly research community. Because 314 caddisflies are important members of freshwater ecological communities and their 315 species have been shown to be effective indicators of freshwater health, there exists a 316 host of researchers in freshwater biology and entomology whose research will be 317 positively impacted by the availability of a high-quality draft genome. 318
In addition to the genome, we present an annotation with 14,687 genes annotated. 319
This will enable large scale comparisons with existing genomes, especially those in 320 Lepidoptera. While Trichoptera and Lepidoptera are reciprocally monophyletic and 321 among the strongest supported ordinal level relationships within insects, they have 322 highly divergent life histories with Lepidoptera primarily terrestrial, while the 323 Trichoptera egg, larval, and pupal stages are entirely aquatic. The comparisons now 324 possible with the addition of a high quality trichopteran genome have the potential to 325 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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